The CFTR gene encodes a transmembrane conductance regulator, which is dysfunctional in patients with cystic fibrosis (CF). The mechanism by which defective CFTR (CF transmembrane conductance regulator) leads to undersialylation of plasma membrane glycoconjugates, which in turn promote lung pathology and colonization with Pseudomonas aeruginosa causing lethal bacterial infections in CF, is not known. Here we show by ratiometric imaging with lumenally exposed pH-sensitive green fluorescent protein that dysfunctional CFTR leads to hyperacidification of the trans-Golgi network (TGN) in CF lung epithelial cells. The hyperacidification of TGN, glycosylation defect of plasma membrane glycoconjugates, and increased P. aeruginosa adherence were corrected by incubating CF respiratory epithelial cells with weak bases. Studies with pharmacological agents indicated a role for sodium conductance, modulated by CFTR regulatory function, in determining the pH of TGN. These studies demonstrate the molecular basis for defective glycosylation of lung epithelial cells and bacterial pathogenesis in CF, and suggest a cure by normalizing the pH of intracellular compartments.
C ystic fibrosis (CF) is the most common lethal disorder in
Caucasians (1) . The high morbidity and mortality in CF is due to chronic respiratory infections, culminating with chronic colonization with the bacterium Pseudomonas aeruginosa (2) . CF is caused by mutations in the gene encoding a protein termed cystic fibrosis transmembrane conductance regulator (CFTR). The exact connection between CFTR mutations, their physiological effects, and P. aeruginosa infections has not been fully established, as reflected in the multitude of proposals explaining the predilection to bacterial infection in CF (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
The disease-causing CFTR mutations affect the processing, intracellular localization, and activity of this protein (1) . CFTR functions as a chloride channel (1) , but also has pleiotropic effects on the activity of other ion transporters including the amiloridesensitive epithelial sodium channel (ENaC; refs. 17 and 18) . In attempts to explain the lung pathology in CF, several models have been proposed. It has been reported that defensins are impaired by high salt in CF lung secretions (4) . However, the electrolyte composition of the airway surface fluid may not to differ between normal and CF lungs (6, 19) . In contrast to the high-salt hypothesis, a low-volume proposal has been put forward in which uninhibited ENaC leads to hyperabsorption of sodium and water, leading to low airway surface liquid volume, which in turn impedes mucociliary clearance (7) . However, mucociliary clearance alone also cannot explain the predilection for P. aeruginosa, as there are substantial differences between CF and diseases such as primary ciliary dyskinesia (8) . Thus, the high-salt or low-volume proposals remain controversial (9) . In a separate line of study, reduced inducible nitric oxide synthase (iNOS) production and NO output have been suggested to play a role in susceptibility to P. aeruginosa (10) . However, infection models in iNOS transgenic mice support only a limited role for NO in innate defenses against P. aeruginosa (11) . Recently, it has been proposed (14) that CFTR itself acts as a receptor for P. aeruginosa in bacterial uptake by the epithelial cells.
If one assumes that epithelial uptake of the bacterium could be a part of the clearance process, the lack of CFTR could then translate into less efficient elimination of P. aeruginosa. However, a role for bacterial uptake by respiratory epithelial cells remains to be established.
It has been demonstrated that glycoproteins and glycolipids on the plasma membrane of CF cells display altered sialylation, and that undersialylated glycoconjugates act as adhesion receptors for bacterial pathogens in CF (15, 16) . Because adhesion of a pathogen to host tissues occurs at the very initial stages of infection, the increased bacterial association with CF respiratory epithelial cells most likely represents a critical point in the colonization of the respiratory tract in CF. As the major CF pathogens P. aeruginosa and Staphylococcus aureus preferentially adhere to unsialylated glycoconjugates such as aGM1 (16, 20) , it is possible that the undersialylation of surface molecules on CF epithelial cells promotes bacterial colonization (15, 21) . However, the connection between CFTR defect and altered sialylation remains elusive (22) . In one model, it has been proposed that CFTR plays a role in facilitating acidification of intracellular compartments, such as the trans-Golgi network (TGN), by allowing entry of anions (Cl Ϫ ), thus maintaining charge neutrality as protons are pumped into the lumen of these organelles (3). According to this proposal, a loss of CFTR and chloride conductance would result in an increased pH of TGN (3) . This model could have explained reduced sialylation of glycoconjugates, as sialyltransferase would not be fully active under suboptimal pH conditions in the TGN of CF cells. However, subsequent studies have indicated that TGN may not be alkalinized in CF (23, 24) . Prompted by these conflicting observations and seeking to understand the glycosylation defect in CF, we hypothesized that TGN in CFTR mutant cells may still have abnormal pH, but on the acidic side. Here we present data that TGN is indeed hyperacidified in the CF lung epithelial cells, and that correction of hyperacidification can reverse the undersialylation defect in CF and reduce P. aeruginosa adhesion, thus linking the defect in CFTR and lung pathology via abnormally low organellar pH, and suggest a relatively simple cure by normalizing pH homeostasis in CF lung epithelia.
Materials and Methods
Cells and Constructs. IB3-1 is a human bronchial epithelial cell line derived from a patient with CF with a ⌬F508͞W1282X CFTR mutant genotype (25) . C38 and S9 are stably transfected derivatives of IB3-1 cells corrected for chloride conductance by introduction of a functional CFTR (26) . The physiological levels of expression of CFTR and its functionality have been estab-lished for C38 cells (26) . CFT1 (27, 28) is derived from the tracheal epithelium of a patient with CF homozygous for the CFTR ⌬F508 mutation. Stably transfected derivatives of CFT1 included CFT1-LCFSN, expressing the wild-type CFTR gene, CFT1-⌬508, transfected with ⌬F508 mutant CFTR gene, and CFT1-LC3, the vector-transfected control cells. TGN38-pHluorin green fluorescent protein (GFP) and glycosylphosphatidylinositol (GPI)-pHluorin GFP DNA constructs were from J. Rothman (29) . The expression construct for ␣2,6-sialyltransferase (EC 2.4.99.1) St tyr isoform carrying a c-myc tag at the C terminus was from K. Colley (30) .
Fluorescence Microscopy, pH Measurements Using Ratiometric pHSensitive GFP, and Lectin-Binding Studies. Immunofluorescence localization studies, pH determination by the ratio of fluorescence at 508 nm on excitation at 410 vs. 470 nm (29) , and lectin-binding studies (22, 31) 
Results
Hyperacidification of Trans-Golgi Network in CF Cells. For determination of organellar pH in live bronchial epithelial cells, we used the recently developed pH-sensitive GFP (pHluorin GFP) system for ratiometric determination of the luminal pH in intracellular organelles (29) . Two fusion constructs, TGN38-pHluorin GFP, with lumenally exposed pHluorin GFP, and GPI-pHluorin GFP, with the pHluorin GFP exposed on the plasma membrane to the extracellular fluid, were used (29) . The TGN38-and plasma membrane-targeted pHluorin GFP probes were transfected into the well characterized human bronchial epithelial cells IB3-1, C38, and S9 (25, 26) , which have been used as standard cell lines to model the effects of CFTR mutations (25, 26, 32) . IB3-1 is derived from a patient with CF with a ⌬F508͞W1282X CFTR mutant genotype (i) pH calibration curve was generated two ways: by using GPI-pHluorin GFP and changing the pH of the externally applied buffer, and by generating internal standards (red). The internal standards were obtained with TGN38-pHluorin after data collection by treating cells with 10 M monensin and 10 M nigericin at the end of the experiment and changing the pH of the external buffer. The data points are normalized to match the pH of the ratio obtained by using GPI-pHluorin GFP as external standard at 7.4. Dots represent an example of individual data sets. (25) . C38 and S9 are stably transfected and fully characterized derivatives of IB3-1 cells corrected for chloride conductance by introduction of a functional CFTR gene (26) . C38 cells contain a functional CFTR with a fortuitous deletion in the first extracellular loop, whereas S9 cells have been corrected with a full-size complete CFTR gene. Fig. 1 a-d displays the fluorescence appearance of GPI-pHluorin GFP at pH 7.4 and pH 5.5. A standard curve was generated within the working range of pHluorin GFP (pH 7.4-5.5; Fig. 1i ; ref. 29 ) by using IB3-1, C38, and S9 cells. All cells showed identical fluorescence dependence of the GPI-pHluorin GFP on pH of the external buffer and did not differ between transfections. In addition, TGN38-pHluorin GFP-transfected cells were treated at the end of each experiment with monensin and nigericin to generate internal standards for pH calibration (Fig. 1i, red points) .
The pH of TGN was probed with TGN38-pHluorin GFP (29) . Fig. 1 e-h illustrates fluorescence of TGN38-pHluorin GFP transfected IB3-1 and C38 cells on excitation at 410 nm vs. 470 nm. The apparent pH of TGN38-pHluorin GFP compartment in C38 cells was 6.6 Ϯ 0.1 (mean Ϯ SE, n ϭ 18) and in S9 cells was 6.7 Ϯ 0.1 (mean Ϯ SE, n ϭ 24), whereas the corresponding apparent pH in IB3-1 CFTR mutant cells was 6.0 Ϯ 0.1 (mean Ϯ SE, n ϭ 17; Table  1 ). Thus, the internal pH values of the TGN in IB3-1 cells were 0.7 and 0.6 pH units lower than in C38 and S9 cells, respectively (P ϭ 0.0001), indicating that the TGN is hyperacidified in CF bronchial respiratory epithelial cells. In addition, confluent cells also displayed hyperacidification in IB3-1 CFTR mutant cells (pH 6.3 Ϯ 0.0, mean Ϯ range) compared with S9 CFTR-corrected cells (pH 6.7 Ϯ 0.0, mean Ϯ range). Furthermore, treatment of IB3-1 cells with 4-phenylbutyric acid (4-PBA), a chemical chaperone which restores ⌬508-CFTR folding and normalizes its intracellular trafficking to the plasma membrane (33) , corrected the hyperacidification of IB3-1 mutant cells to the levels matching those in CFTR-transfected C38 cells (4-PBA-treated IB3-1 vs. C38, P ϭ 0.9796; Fig. 2a) .
The observation that TGN is hyperacidified in CF cells was confirmed by using another well characterized CF cell line, CFT1 (27, 28) , derived from the tracheal epithelium of a patient with CF homozygous for the ⌬F508 mutation in CFTR. CFT1 and its stably transfected derivatives, CFT1-LCFSN, expressing the wild-type CFTR cDNA, CFT1-⌬508, expressing the ⌬F508 mutant CFTR cDNA, and CFT1-LC3, serving as a vector control, were transiently transfected with TGN38-pHluorin GFP. The CFTR-corrected variant CFT1-LCFSN had an apparent pH of 6.7 Ϯ 0.1 in TGN compared with the corresponding values in CFTR-mutant cells of 6.3 Ϯ 0.1 for CFT1 (parental ⌬F508͞⌬F508 cell line), 6.2 Ϯ 0.1 for CFT1-⌬508 (⌬F508 CFTR-transfected control), and 6.3 Ϯ 0.1 for CFT1-LC3 (vectortransfected control; Table 1 ). Thus, the TGN38 showed hyperacidification of 0.4-0.5 pH units in CFTR-mutant tracheal epithelial cells.
Hyperacidification of TGN in CF Cells Is Affected by Inhibitors of H ؉
and Na ؉ ͞K ؉ ATPases. In contrast to previous models (3) relying on the chloride channel activity of CFTR, reduced Cl Ϫ influx into the organelle cannot readily explain the TGN hyperacidification in CF cells observed in our experiments. Instead, we considered an alternative model in which Na ϩ efflux from the organelle with a net effect similar to the influx of Cl Ϫ could play a role in luminal charge neutralization. In CF bronchial epithelial cells, sodium transport is under negative regulation by CFTR. In the absence of CFTR, sodium channels are relieved from CFTR inhibition, leading to an increase in Na ϩ transport (17, 18, 34, 35) . To test the model in which altered sodium transport could play a role in TGN hyperacidification by means of effects on H ϩ -ATPase activity in CF, we first examined whether H ϩ -ATPase played a role in acidification of TGN in CF cells. Treatment with bafilomycin A 1 abrogated hyperacidification of TGN in CFTR mutant cells (Fig. 2b) . Treatment of cells with the Na ϩ ͞K ϩ -ATPase inhibitor acetylstrophanthidin reduced the pH of CFTR-corrected cells to the levels in CF cells (P ϭ 0.0111). In contrast, and as predicted by the proposal of increased Na ϩ efflux in the absence of CFTR, acetylstrophanthidin had no effect on TGN acidification in CFTR mutant cells (P ϭ 0.5170; Fig. 2c ). These observations are consistent with a model in which Na ϩ ͞K ϩ -ATPase is a major source of luminal Na ϩ that causes differential TGN acidification in normal and CF cells. 
IB3-1 is a human bronchial cell line derived from a patient with a ⌬F508/ W1282X CFTR (25) . C38 cells are IB3-1 cells corrected with a functional CFTR containing a fortuitous N-terminus alteration. S9 cells express a functional fullsize CFTR (26) . CFT1 (27) is a tracheal cell line derived from a ⌬F508/⌬F508 patient with CF. CFT1-LCFSN (wild-type CFTR), CFT1-⌬508 (⌬508 CFTR), and CFT1-LC3 (vector control) are stably transfected derivatives of CFT1. Note that CFTR mutant cells have close to 0.5 units lower pH in their TGN than the CFTR-corrected cells.
* , P ϭ 0.0001. determined whether the TGN38-pHluorin GFP pH probe was present in a compartment relevant for sialyltransferases. The colocalization studies of TGN38-pHluorin GFP and myc-tagged ␣-2,6-sialyltransferase St tyr (30) in cotransfected cells showed identical overall organellar distribution and colocalization of the two markers (Fig. 3 a-c) . Treatment with nocodazole disrupted the TGN, but TGN38 and myc-tagged ␣-2,6-sialyltransferase St tyr colocalization was not affected (Fig. 3 d-f ). The results of these experiments demonstrated a nearly complete overlap of our pH-sensitive probe and sialyltransferase in CF-and CFTRcorrected cells. Colocalization of TGN38-pHluorin GFP with the TGN SNARE syntaxin-6 further confirmed that the pHsensitive GPF probe localized properly in the TGN (Fig. 3 g-i) .
Next we examined sialylation of surface glycoconjugates. Fluorescently labeled peanut agglutinin (PNA), which recognizes unsialylated galactosyl (␤-1,3) N-acetylgalactosamine, bound better to IB3-1 (100 Ϯ 3%, mean Ϯ SE, n ϭ 30), CFT1 (100 Ϯ 4%, mean Ϯ SE, n ϭ 30), CFT1-⌬508 (99 Ϯ 3%, mean Ϯ SE, n ϭ 30), and CFT1-LC3 (97 Ϯ 4%, mean Ϯ SE, n ϭ 30) cells than to the CFTR-corrected C38 (35 Ϯ 3%, mean Ϯ SE, n ϭ 30), S9 (55 Ϯ 4%, mean Ϯ SE, n ϭ 30), or CFT1-LCFSN (52 Ϯ 3%, mean Ϯ SE, n ϭ 30) cells (P ϭ 0.0001, CFTR mutants vs. CFTR-corrected cells) (Fig. 4 a-d and i) in a process that was neuraminindase-sensitive (Fig. 4 a and b Insets) . The decreased sialylation of glycoconjugates on CF cells was also confirmed by anti-aGM1 Ab, which binds to aGM1 (Fig. 4 j and k) , and reverse staining with fluorescently labeled cholera toxin B subunit, which binds sialylated GM1 (Fig. 4 l and m) .
If hyperacidification of TGN is responsible or contributing to the undersialylation of glycoconjugates in CF, we reasoned that normalization of pH using membrane-permeant weak bases (e.g., ammonia) may correct this defect. We titrated ammonia concentrations and found that when IB3-1 cells were treated for 48 h with low concentrations of ammonium chloride (0.1 mM), the pH was corrected and matched the normal levels in CFTRcorrected C38 cells (ammonia-treated IB3-1 vs. C38, P ϭ 0.7440; Fig. 2d ). Furthermore, treatment of IB3-1 cells for 48 h with another weak base, chloroquine, also corrected the pH of TGN to normal levels (chloroquine-treated IB3-1 vs. C38, P ϭ 0.1066; Fig. 2d ). In contrast, treatment of IB3-1 cells with the gastric proton pump inhibitor lansoprazole did not have an effect on the pH of TGN (P ϭ 0.7976).
Treatment for 48 h with ammonia at concentrations repairing the hyperacidification defect (i.e., 0.1 mM) also restored normal patterns of lectin binding in IB3-1 CFTR mutant cells, similar to those seen in CFTR-corrected cells (Fig. 4 e, f, and i) . The levels of PNA binding in NH 4 Cl-treated IB3-1 cells were equal to those in CFTR-corrected C38 cells. Although the changes in pH on alkalinization of C38 cells were not as pronounced as in IB3-1 cells, treatment of C38 cells with 0.1 mM NH 4 Cl increased PNA binding, indicating a reduced sialylation in normal cells. These observations are consistent with an existence of a pH optimum for sialyltransferase activity (36) or its microlocalization. The levels of PNA binding in ammonia-treated C38 cells were similar to the levels seen in untreated and aberrantly undersialylated IB3-1 cells. These observations are in keeping with a requirement for an optimal pH in TGN in order for sialyltransferases to work properly, as noted by others (3). However, our findings differ in an essential way from the previous proposals, as we find that the TGN is hyperacidified rather than alkalinized in CF. Our experiments show that this optimum can be disturbed by conditions that are either too acidic (as in CF cells) or too alkaline (normal cells treated with ammonia) (Fig. 4 g-i) . Furthermore, our findings indicate that pH correction of TGN in CFTR mutant cells can lead to a restoration of normal sialylation.
Correction of the sialylation defect should also lead to a reduction of bacterial adherence, because it has been shown that P. aeruginosa preferentially binds to undersialylated glycoconjugates (3, 15, 20, 22) . We therefore treated IB3-1 cells with 0.1 mM NH 4 Cl for 48 h, before a 1-h incubation with P. aeruginosa. In keeping with the correction of the sialylation, P. aeruginosa adhered less to the 0.1 mM NH 4 Cl-treated cells (sialylation-corrected) compared with the untreated cells (P ϭ 0.0433; Table 2 ).
Discussion
The application of pH-sensitive ratiometric GFP technology (29) and targeting of the pH-sensitive GFP to the TGN lumen in live cells permitted us to detect hyperacidification of this compartment in CF cells. Our work was inspired by the previous models where alkalinization of this normally mildly acidified organelle was predicted in CF on the basis of CFTR-dependent chloride conductance (3). It is important to note that the proposed action of CFTR as a chloride channel, with chloride ions acting to maintain electroneutrality by compensating for the positive luminal charge generated by protons pumped by the H ϩ -ATPase (3), is not compatible with our observations. Instead, regulatory functions of CFTR, e.g., CFTRdependent inhibition of sodium transport in human respiratory epithelial cells (17, 34, 35, 37) , play a role. In our model, excess positive charge, caused by accumulation of H ϩ in the lumen of this organelle, may be compensated by Na ϩ efflux into the cytosol, thus dissipating the electrogenic charge differential (38) and allowing the development of a greater transmembrane pH gradient. If one considers the fact that the exit of Na ϩ is equivalent to the influx of Cl Ϫ , our data are consistent with the interpretation that it is the efflux of Na ϩ which plays the dominant role in relieving the proton pump from the inhibition associated with the membrane potential build up. In normal cells, inactive sodium channel and active Na ϩ ͞K ϩ -ATPase increase the interior positive membrane potential and thus counteract acidification. In CF cells, in the absence of CFTR-dependent inhibition (17, 18, 34, 35) , the sodium channel is open, and Na 35 S radioactivity. IB3-1 control (n ϭ 6) vs. IB3-1 ϩ 0.1 mM NH4Cl (n ϭ 7). P ϭ 0.0433. of the TGN in CF nasal polyp cells compared with normal cells (⌬pH 0.3) (3). Others have reported that TGN in CFTRtransfected Swiss 3T3 cells is not alkalinized (23) . The discrepancies between these studies and our findings may be explained (i) by differences in CFTR-sodium channel interactions, which can be either negative or positive, in a fashion that strongly depends on the cell type (17, 34, 35, 37) ; and (ii) by differences in these relationships in heterologous cell types investigated in the previous reports (e.g., fibroblasts or genetically unmatched epithelial cells). We emphasize that in the present work, human bronchial and tracheal epithelial cells and their genetically matched CFTR-rescued clones were compared.
The colocalization of sialyltransferases with TGN38-pHluorin GFP in IB3-1, C38, and S9 cells, observed in cotransfections with TGN38-pHluorin and myc-tagged ␣2,6-sialyltransferase St tyr , indicates that our pH determinations were in a compartment relevant for sialyltransferase activity and thus could explain undersialylation of glycoconjugates in CF cells. The data with ammonia used to neutralize pH in acidic intracellular compartments indicate that hyperacidification is responsible for undersialylation of glycoconjugates in CF. Treatment of CF cells with a low concentration of ammonium chloride decreased binding of PNA to CF cells and P. aeruginosa adherence most likely by normalizing sialylation in IB3-1 CFTR mutant cells and reversing this CF defect. Although the effect on Pseudomonas adhesion may seem relatively modest, it was nevertheless reproducible and it is likely that it could improve with further optimization and use of additional drugs.
Others have attempted to address the problem of altered pH in CF by using ammonia (39) . In such studies, addition of high concentrations (10 mM) of ammonium chloride did not correct the defect, but instead decreased sialylation and increased PNA binding to both normal and CF cells. These reports are nevertheless consistent with our observation that changes in sialylation are exquisitely pH-sensitive; the addition of even low concentrations of ammonium chloride to normal (CFTR-corrected C38) cells caused defective sialylation and increased PNA binding (Fig. 4) , whereas a similar treatment of CFTR-mutant cells reversed the hyperacidification and undersialylation defects. Recently (40) , it was shown that some clinical isolates of P. aeruginosa did not exhibit an enhanced binding to MDCK cells treated with aGM1 dissolved in DMSO. However, using the same model, P. aeruginosa strain PA103 was found to attach at higher levels to MDCK cells, thus supporting reported findings (3, 15, 20, 22, 41) while indicating strain variability. It is important to keep in mind that CF isolates are not best-suited to explore initial colonization stages, as these strains usually undergo massive mutations and other adaptation changes, making them better for modeling of chronic infection events that occur many months or years after the initial association and colonization (2). Moreover, although MDCK cells are an excellent model system for fundamental cell biology processes, the full validity of their use to extrapolate precise events involving highly specialized respiratory epithelial cells is not clear at present.
As demonstrated (3, 15, 20, 22) , the decreased sialylation in CF leads to increased bacterial adhesion. The phenomena described here provide a physiological link between the CFTR defect via organellar hyperacidification and the downstream effects including respiratory pathogenesis in CF. The correction of the undersialylation defect and bacterial adherence by using low concentrations of weak bases has strong therapeutic implications as pH-normalizing drugs may prove beneficial in the treatment of CF.
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